Introduction
============

Acetaminophen is used worldwide as an antipyretic and analgesic drug. Even though it is used to treat inflammatory pain, it is not generally classified as a non-steroidal anti-inflammatory drug because it exhibits only weak anti-inflammatory activity \[[@B1]\]. The mild anti-oxidant and anti-inflammatory effect of acetaminophen on central nervous system has been studied. For example, acetaminophen protects neurons in hippocampus from amyloid beta peptide-induced oxidative stress by reducing lipid peroxidation and cytoplasmic levels of peroxides, and blunted neuronal apoptosis via reduction of the inflammatory transcription factor nuclear factor κB \[[@B2]\]. It also protects dopamingeric neurons *in vitro* from oxidative damage evoked by acute exposure to 6-hydroxydopamine or excessive levels of dopamine \[[@B3]\]. In addition, low dose of acetaminophen reduces the release of inflammatory proteins such as tumor necrosis factor α, interleukin 1, macrophage inflammatory protein 1α, and RANTES from cultured brain endothelial cells exposed to oxidant stress \[[@B4]\].

A lot of oriental herbs have been reported to relieve pains and to have anti-inflammatory function. Among them, *Scutellaria baicalensis* Geogri (*S. baicalensis*) has long been used as a multi-purpose herb in China, Japan, Korea and other oriental countries because of its anti-pyretic, anti-bacterial, anti-viral, and anti-inflammatory properties. It showed anti-inflammatory effects via decreasing the expression of inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)-2, IκB kinase αβ (IKKαβ) phosphorylation, and IκBα phosphorylation \[[@B5][@B6]\]. Flavones extracted from *S. baicalensis* exert potent-anti-inflammatory and anti-oxidant activity for neuroprotective effects \[[@B7]\]. *Angelica tenuissima* Nakai (*A. tenuissima*) suppressed nitric oxide production and iNOS expression without any notable cytotoxicity and it also inhibited the expression of inflammatory enzymes like COX-2 in interferon (IFN)-γ/lipopolysaccharide (LPS)-stimulated peritoneal macrophage \[[@B8]\]. *Angelica dahurica* Bentham et Hooker (*A. dahurica*) also showed anti-inflammatory activity on macrophages via up-regulation of heme oxygenase-1 (HO-1) \[[@B9]\].

Macrophages play important roles in immune reactions, allergy and inflammation by releasing different types of cytokines \[[@B10]\]. In the brain, the proliferation and degree of activation of microglia and astrocyte determines the level of inflammation \[[@B11][@B12]\]. The neuro-immune system plays a crucial role in headache and chronic pain. Activated microglia and astrocytes produce and release a variety of neuroexcitatory substances including nitric oxide, excitatory amino acids and pro-inflammatory cytokines. Spinal glial activation and the subsequent release of pro-inflammatory mediators initiate and maintain a range of enhanced pain states \[[@B13][@B14]\]. Most cells in the brain and spinal cord are neuroglia, not neurons. Because it turns out neuroglia do far more than supporting cells, therapies targeting glia may prove very helpful in headache, as well as depression and other neurologic illnesses.

*A. tenuissima*, *A. dahurica*, and *S. baicalensis* are used for the control of headache in oriental medicines. And acetaminophen is commonly used for control of headache in Western medicine. Although acetaminophen is actually taken with the extracts of above 3 kinds of oriental herbs to control of headache in Korea, but it is still largely unknown about their combinational effects on the control of headache. In the present study, we therefore, examined whether they have additive or synergistic effects in the LPS-stimulated microglia cells.

Materials and Methods
=====================

Preparation of Oriental herbs
-----------------------------

*Angelica tenuissima* Nakai (*A. tenuissima*), *Angelica dahurica* Bentham et Hooker (*A. dahurica*), and *Scutellaria baicalensis* Geogri (*S. baicalensis*) was added to purified water (in volume of 10 times) and extracted at 100℃ for 3 hours. The resulting materials were filtered at temperature lower than 60℃ using 200 µm mesh then decompressed. The dry filtrate was diluted with silicon dioxide at a ratio of 99.975:0.025 (dry filtrate:silicon dioxide), and packed into a vacuum-sealed capsule. Using the transference number, calculated amount of the medicine was dissolved in dimethyl sulfoxide and filtered for treating to cells.

Microglia cell line
-------------------

Murine microglia cell line, BV2 cell line was obtained from Korea Cell line Bank in Seoul National University College of Medicine. BV2 cells were cultured with RPMI1640 media containing 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin.

Reverse transcriptase-polymerase chain reaction (RT-PCR)
--------------------------------------------------------

Total RNA was extracted from BV2 cells using TRizol Reagent (Invitrogen, Camarillo, CA, USA) according to the manufacturer\'s instruction. RNA quantity was monitored at 260 nm with NanoDrop (Thermo Scientific, Wilmington, DE, USA). Total RNA (1 µg) was reverse transcribed to cDNA and amplified with the following primers to detect the expression of iNOS on the BV2 cell surfaces. iNOS (sense: 5\'-CGG TGC TGT ATT TCC TTA CGA GGC GAA GAA GG-3\', antisense: 5\'-GGT GCT GTC TGT TAG GAG GTC AAG TAA AGG GC-3\'; product, 510 bp), β-actin (sense: 5\'-AAG AGC TAT GAG CTG CCT GA-3\', antisense: 5\'-CAG GAG GAG CAA TGA TCT TG-3\'; product, 220 bp). Polymerase chain reaction products were separated on 1.5% agarose gel, and visualized under UV light after ethidium bromide staining.

Measurement of nitrite
----------------------

BV2 (5×10^5^ cells per well) cells were seeded in 6-well plate, and incubated overnight. Then, BV2 cells were treated with 0.1, 1, and 10 µg/ml concentration of LPS for 24 hours or with 1 µg/ml concentration of LPS for 3, 6, 12, and 24 hours. Then, culture media were collected and nitrite production in the media was measured with Griess assay kit (Intron, Seongnam, Korea) according to the manufacture\'s instruction.

Immunoblotting
--------------

BV2 cells were treated with 1 mg/ml concentration of LPS for 24 hours. Cells were lysed with buffer containing 50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, and protease inhibitor cocktail. Fifty micrograms of proteins were electrophoresed to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and transferred to nitrocellulose membrane. Membrane was blocked with 5% skim milk and incubated with anti-COX-2 antibody (Santa Cruz, CA, USA) at 4℃ overnight. Followed by incubation with horseradish peroxidase-conjugated anti-rabbit IgG, bands were detected with ECL detection kit (Amersham, Piscataway, NJ, USA). Detected bands were quantified using a densitometry analysis program (SCION Image Program, SCION Corp., Frederick, MD, USA).

Measurement of prostaglandin E2 (PGE~2~)
----------------------------------------

BV2 cells were treated with 1 µg/ml concentration of LPS, oriental herbs (*A. tenuissima*, *A. dahurica*, or *S. baicalensis* with 1/500 dilution) and acetaminophen (100 µM) for 12 hours. Culture media were collected and the concentration of PGE~2~ was measured with ELISA kit (SAPPHIRE BIOSCIENCE, Redfern, Australia) according to the manufacture\'s instruction.

Statistics
----------

Data were expressed as mean±SEM of each group in independent experiments. For comparison of three or more groups, data were analyzed by *t* test or one-way analysis of variance (ANOVA) followed by Newman-Keuls multiple comparison test. A value of *P*\<0.05 was considered statistically significant. Statistical tests were carried out using GraphPad InStat (GraphPad Software, San Diego, CA, USA).

Results
=======

LPS stimulation increases the inflammation in BV2 cells
-------------------------------------------------------

First, we examine the expression of Toll-like receptor 4 (TLR4) on microglia cell line, BV2. Based on RT-PCR, BV2 cells highly expressed TLR4 ([Electronic Supplementary Fig. 1](#S3){ref-type="supplementary-material"}). Then, LPS was treated to BV2 cells, and the production of nitric oxide (NO) was examined. Due to the short half-life of NO, the concentration of nitrite as an indicator of NO was measured by Griess assay. As a result, LPS stimulated the release of NO from BV2 cells in a dose-dependent manner and in a time-dependent manner ([Fig. 1A, B](#F1){ref-type="fig"}). A treatment of LPS (1 µg/ml) increased the transcriptional expression of iNOS, which was peak at 6 hours ([Fig. 1C](#F1){ref-type="fig"}). Because COX-2 is usually specific to inflammation, the expression of COX-2 in the BV2 cells was determined after LPS treatment. When 1 µg/ml concentration of LPS was treated to BV2 cells, the expression of COX-2 was increased and its increase was the highest at 6 hours after treatment ([Fig. 1D](#F1){ref-type="fig"}). Thus, BV2 cells express TLR4, and its stimulation by LPS increases the expression of inflammatory mediators.

Oriental herbs reduce LPS-induced inflammation in BV2 cells
-----------------------------------------------------------

To examine the anti-inflammatory effect of oriental herbs, LPS-stimulated BV2 cells were treated with *A. tenuissima*, *A. dahurica*, and *S. baicalensis*. After 1 µg/ml concentration of LPS was treated with oriental herbs for 6 hours, the production of nitrite was measured by Griess assay. In result, the LPS-induced production of NO was significantly reduced by *A. tenuissima*, *A. dahurica* and especially *S. baicalensis* treatments ([Fig. 2A](#F2){ref-type="fig"}). Moreover, the expression of COX-2 was reduced by treatments of oriental herbs, *A. dahurica* and *S. baicalensis* ([Fig. 2B, C](#F2){ref-type="fig"}). Therefore, it seems that *A. tenuissima*, *A. dahurica* and especially *S. baicalensis* are effective on the alleviation of LPS-induced inflammation.

Combinations of oriental herbs and acetaminophen more ameliorate LPS-induced inflammation in microglia cells
------------------------------------------------------------------------------------------------------------

To further investigate the suppressive effect of oriental herbs with Western medicine on inflammation, BV2 cells were stimulated with LPS, and treated with oriental herbs such as *A. tenuissima*, *A. dahurica*, and *S. baicalensis* or Western medicine like acetaminophen or both. Acetaminophen is an well-known COX-2 selective inhibitor \[[@B15]\]. LPS was treated with *A. tenuissima*, *A. dahurica*, *S. baicalensis* or acetaminophen to microglia cells with various combinations, and then the expression of COX-2 was examined by immunoblotting. Although *A. tenuissima* or acetaminophen treatment did not show great reduction of COX-2 expression, *A. dahurica* and particulary *S. baicalensis* significantly decreased the expression of COX-2 in LPS-treated BV2 cells. Moreover, all oriental herb treatments combined with acetaminophen reduced the expression of COX-2 ([Fig. 3A, B](#F3){ref-type="fig"}). PGE~2~ is produced following the sequential oxidation of arachidonic acid by COX-2 \[[@B16]\]. Increased production of PGE~2~ by LPS stimulation was markedly decreased by single or combined treatments of oriental herbs and Western medicines in BV2 cells ([Fig. 3C](#F3){ref-type="fig"}). It appears that a combined treatment of *A. tenuissima*, *A. dahurica*, or *S. baicalensis* with acetaminophen is more effective on the reduction of LPS-induced inflammation.

Discussion
==========

Neuroinflammation is believed to play a crucial role in the development and progress of neurodegenerative diseases such as Alzheimer\'s disease, Parkinson\'s disease and Huntinton\'s disease \[[@B7][@B11]\]. Furthermore, it is taken part in the migraine resulting from an abnormal dilatation of intracranial blood vessels, leading to mechanical excitation of sensory fibers that innervate theses vessels \[[@B17]\]. A focus of most scientific migraine research has been on drugs that influence the transmission of neural signal. However, a paradigm shift focusing on glial cell activation should be involved \[[@B14]\]. Glial cells are associated in the neuroinflammation. Activated astrocytes and especially microglia produce several neuroexcitatory substances such as reactive oxygen species, NO and inflammatory cytokines \[[@B18]\]. Therefore, we investigated the effect of acetaminophen and three oriental herbs, which are broadly used for alleviating pain, especially headache and migraine, in brain microglia cells.

Migraine is one of the most common complaints seen in primary proactive, and its incidence in the general population is about 8% in men and 12%-15% in women \[[@B19][@B20][@B21]\]. In particular, COX mechanisms have been implicated in the migraine, which is in keeping with glial cell activation \[[@B14]\]. COX-2 is strongly induced by pro-inflammatory challenges, whereas COX-1 is constitutively expressed. COX-2 plays a crucial role in inflammation and pathogenesis. Treatments with selective COX-2 inhibitor has been reported to reduce brain inflammation \[[@B22]\]. In our results, LPS stimulation induced to produce NO and increased the expression of COX-2 in microglia, reflecting an increased inflammation ([Fig. 1](#F1){ref-type="fig"}). The increase of inflammatory mediators by LPS stimulation was decreased by a treatment of oriental herbs such as *A. tenuissima*, *A. dahurica*, and *S. baicalensis* ([Fig. 2](#F2){ref-type="fig"}). Acetaminophen and *A. tenuissima* less reduced the expression of COX-2 after LPS stimulation in BV2 cells. However, their co-treatments more significantly decreased the expression of COX-2 ([Fig. 3](#F3){ref-type="fig"}). COX is an enzyme responsible for synthesize prostanoid including prostaglandin, prostacyclin and thromboxane from arachidonic acid \[[@B22]\]. The production of PGE~2~ was effectively decreased by acetaminophen and *S. baicalensis* in BV2 cells. A combined treatment of *A. tenuissima* or *A. dahurica* with acetaminophen synergistically diminished the PGE~2~ production. Acetaminophen considerably reduced the PGE~2~ production compared with the extent of COX-2 decrease in BV2 cells. The related mechanism is under consideration for further study.

Moreover, it was found that *S. baicalensis* has a strong anti-inflammatory effect because it solely was enough to inhibit the LPS-induced inflammation in BV2 cells. Study through microarray shows another reason why *S. baicalensis* can be prescribed by itself. With exception of unknown genes, the expression of 36 genes was decreased after *S. baicalensis* treatment in LPS-stimulated BV2 cells ([Electronic Supplementary Table 1](#S1){ref-type="supplementary-material"}). Most of them were closely associated with the induction of inflammation, including chemokines, cytokines and their transcription factors. IFN and its transcriptional regulator, signal transducer and activator of transcription 1, is associated with the regulation of inflammatory chemokines and mediators \[[@B23]\]. Lymphotoxin A, a member of the tumor necrosis factor family, is a cytokine produced by lymphocytes, and mediates a large variety of inflammatory, immunostimulatory, and anti-viral responses \[[@B24]\]. In addition, the expression of 9 genes was increased by *S. baicalensis* treatment in LPS-stimulated BV2 cells ([Electronic Supplementary Table 2](#S2){ref-type="supplementary-material"}). The elevated genes were related with anti-oxidant activity. For example, glutamate cysteine ligase catalyzes the first and rate-limiting step in the production of the cellular antioxidant glutathione \[[@B25]\]. HO-1 has anti-inflammatory as well as anti-oxidant roles in the brain by reducing iNOS expression and NO release \[[@B25]\]. Sulfiredoxin is a recently identified anti-oxidant protein as a binding partner to peroxiredoxin Tsa1, an anti-oxidant involved in the reduction of H~2~O~2~ \[[@B23]\]. Brain is prone to oxidative stress, because it contains high levels of fatty acids, use up to 20% of total body oxygen consumption and has higher level of redox metals primed to catalyze the Fenton reaction of free radical cascade \[[@B26]\]. Since the increased oxidative damage is closely related to the increased inflammation, the increased antioxidant capacity by *S. baicalensis* treatment might be helpful to reduce the inflammation in the brain. The anti-oxidant and anti-inflammatory effect of *S. baicalensis* should be further investigated.

Taken together, *A. tenuissima* and *A. dahurica* showed a synergistic anti-inflammatory effect when they were treated with acetaminophen, and *S. baicalensis* remarkably reduced the production of inflammatory mediators single-handed in LPS-stimulated microglia. A combined treatment of *A. tenuissima* or *A. dahurica* with acetaminophen seems to decrease the inflammation and relieve the symptom of pain in the brain more effectively than its sole treatment. Also, *S. baicalensis* is likely to be a greatly useful and effective candidate for pain relief and inflammation-reducing drug.
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###### Supplemental Table 1

The decreased genes by *Scutellaria baicalensis* treatment in lipopolysaccharide (LPS)-stimulated BV2 cells

###### Supplemental Table 2

The increased genes by *Scutellaria baicalensis* treatment in lipopolysaccharide (LPS)-stimulated BV2 cells

###### Supplemental Fig. 1

The expression of Toll-like receptor 4 (TLR4) in BV2 cells. The transcriptional expression of TLR4 in BV2 cells was examined by reverse transcriptase-polymerase chain reaction. C6, an astrocytoma cell line, was used as a positive control for TLR4. β-Actin was used as an internal control.

![Increased nitric oxide production and cyclooxygenase-2 (COX-2) expression by lipopolysaccharide (LPS) treatment in BV2 cells. The concentration of nitrite in the culture supernatants after BV2 cells were treated with 0.1, 1, and 10 µg/ml concentrations of LPS for 24 hours (A) or 1 µg/ml concentrations of LPS for 3, 6, 12, and 24 hr (B), the concentration of nitrite in the culture supernatants was measured by Griess assay. BV2 cells were treated with LPS (1 µg/ml) for 3, 6, 12, and 24 hours. Then, the transcriptional expression of inducible nitric oxide synthase (iNOS) (C) or the translational expression of COX-2 (D) was examined by reverse transcriptase-polymerase chain reaction or immunoblotting, respectively. β-Actin was used as an internal control. CTL, control.](acb-48-244-g001){#F1}

![Decreased nitric oxide production and cyclooxygenase-2 (COX-2) expression by oriental herbs in lipopolysaccharide (LPS)-stimulated BV2 cells. (A) The concentration of nitrite in the culture supernatants after *Angelica tenuissima*, *A. dahurica*, and *Scutellaria baicalensis* treatments with LPS (1 µg/ml) for 24 hours in BV2 cells. (B) BV2 cells were treated with *A. tenuissima*, *A. dahurica*, and *S. baicalensis* combined with 1 µg/ml concentrations of LPS for 24 hours. Then, the expression of COX-2 was examined by immunoblotting. β-Actin was used as an internal control. (C) The relative expression of COX-2 to β-actin was represented after densitometry analysis. At, *A. tenuissima*; Ad, *A. dahurica*; Sb, *S. baicalensis*; CTL, control. ^\*\*\*^*P*\<0.001.](acb-48-244-g002){#F2}

![Decreased cyclooxygenase-2 (COX-2) expression and prostaglandin E2 (PGE~2~) production by oriental herbs combined with acetaminophen in lipopolysaccharide (LPS)-stimulated BV2 cells. (A-C) Acetaminophen was treated to BV2 cells with a combination with *Angelica tenuissima*, *A. dahurica*, or *Scutellaria baicalensis* after LPS stimulation. (A) The expression of COX-2 was examined by immunoblotting. (B) The relative expression of COX-2 to β-actin was represented after densitometry analysis. (C) And, the concentration of PGE~2~ in the culture supernatants from BV2 cells were measured by enzyme-linked immunosorbent assay. Ac, acetaminophen; At, *A. tenuissima*; Ad, *A. dahurica*; Sb, *S. baicalensis*. ^\*\*\*^*P*\<0.001, ^\*\*^*P*\<0.01, ~\*~*P*\<0.05 vs. LPS-treated control (CTL), ^\#\#\#^*P*\<0.001.](acb-48-244-g003){#F3}
